Mechanisms for interactions between ultrasound waves and materials vary as a function of input power of ultrasound. The objectives of this study were to compare mode of actions for ultrasound waves at different input powers. This study also describes various effects of ultrasound on materials at different input powers with emphasize on food and polymer applications. At low power of ultrasound, the major mechanism is acoustic streaming and at a power above threshold value, the most possible one is acoustic cavitation. Low power of ultrasound is a powerful analytical technique to investigate on physico-chemical properties of both biological and non-biological materials. While at sufficiently high power, it generates shear forces that are able to create different effects. For each pair of medium-acoustic wave, two types of mechanisms, acoustic streaming and cavitation may be occurred simultaneously.
INTRODUCTION
Sound waves with frequencies higher than those can be heard by human (16 kHz) is called ultrasound. The upper limit of ultrasonic frequency is not sharply defined. It is usually taken to be 5 MHz for gases and 500 MHz for liquids and solids [1] . 20 kHz is usually taken as the lower frequency limit of ultrasound waves [2] . Ultrasound waves may be divided into two main areas [1, 3] : 1) low amplitude (high frequency/low power) propagation is concerned with the effect of medium on the wave, low amplitude waves are used to measure the velocity and absorption coefficient of the wave in the medium; and 2) high energy (low frequency) propagation is concerned with the effect of the wave on medium.
Low intensity (intensity is actual output power per surface area, W·cm −2 ) is a powerful analytical technique for investigating the physico-chemical properties of many biological and non-biological materials [4] . Ultrasonic irradiation at low power did not induce any chemical changes, but at a power above a threshold value, chemical changes have been created [5, 6] . High power ultrasound induces a permanent chemical or physical change on a material [3] . High energy input produces cavitation and micro-streaming in liquids, heating, and surface-instability effects at liquid-liquid and liquid-gas interfaces [3, 7, 8] .
Use of sonication energy provides a better way to reach higher efficiency, higher rates for chemical, physical, or physico-chemical process, shorter processing times and change reaction pathways. Knowledge on mechanism of ultrasound provides a way to investigate some of fundamental properties of materials. An understanding of mechanisms for different (chemical, physical, biological) effects of sound, is important in connection with its applications in different fields (medicine, food, chemistry). Knowledge on mechanisms of ultrasound is essential because of practical applications. There is considerable need to increase understanding of mechanisms in order to evaluate performances and limitations involved in its various applications.
This study describes mode of actions for ultrasound versus input energy. This work also provides different views and explanations on the mechanisms of ultrasound irradiation as a function of input energy with particular attention in the field of polymer degradation and food applications.
vibrational energy, i.e. mechanical energy [9] . The mechanical energy is then transmitted into a sonicated medium. A part of input energy is lost through conversion into heat, and another part produces cavitation. A fraction of cavitational energy produces chemical, physical, or biological effects. Other fractions are reflected and consumed in sound re-emission (harmonics and sub-harmonics). The conversion of electrical energy into ultrasonic effects was illustrated in Figure 1 . The effects as a measure of ultrasonic yield can be defined as follows [9] : Ultrasonic yield measured effect input power 
To estimate the output power, the conversion yield of the ultrasonic system has to be known. It is not easy to determine output power, since part of energy is reflected back to the transducer. In a pure liquid (specific case), it might be assumed that almost all of the mechanical energy produces heat and so, via calorimetry output power can be obtained [9] . Increasing the power increases the reaction yield [10] . The ultrasonic yield increases with an increase in ultrasonic power. The yield is dramatically increased near the caviation power threshold and then remains nearly constant [10] .
Practically, ultrasonic propagation is mostly non-linear phenomenon to some extent. The degree of non-linearity is related to several factors including ultrasonic parameters such as ultrasonic intensity, I, (the energy transmitted per unit time per unit normal area of fluid). The intensity of wave is proportional to square of the maximum pressure amplitude of wave (P A ) and is described in Equation (2) .
where  is density of a medium and c is velocity of sound in that medium [11] . The acoustic pressure is a sinusoidal wave dependent on time (t), frequency (f) and the maximum pressure amplitude of the wave, P a, max and is represented by the following equation [12, 13] :
The maximum pressure amplitude of the wave (P a, max) is directly proportional to the input power of the transducer. A sufficiently large increase in the intensity of ultrasound will generate larger values of acoustic pressure. Increase in the value of P a lead to a more and violent collapse [11] and consequently larger values for chemical or physical effects. A large value of intensity may also generate shock wave and consequently results in drastic effect on the chemical or physical effects [14] . At low intensity (amplitude), the pressure wave induces motion and mixing within the fluid, so called acoustic streaming [15] . At higher intensities, the local pressure in the expansion phase of the cycle falls below the vapour pressure of the liquid, causing tiny bubbles to grow (created from existing gas nuclei within the fluid). A further increase generates negative transient pressures within the fluid, enhancing bubble growth and producing new cavities by the tensioning effect on the fluid [16] .
The ultrasonic velocity of material, C, is related to its physical properties by the following equation:
where E and d are elastic modulus and density, respectively [4] . Two most commonly measured ultrasonic parameters at low power are ultrasonic velocity (C) and attenuation coefficient (). The two parameters are related to the physico-chemical properties of the material through which they propagate and can therefore be used to provide information about these properties [4] . The greatest amount of information can be obtained by measuring both C and . In many applications, however, it is only necessary to measure either C or , e.g. the degree of crystallization of a fat can be determined by measuring the velocity at a single frequency [4] .
MECHANISM OF ULTRASONIC IRRADIATION
A created micro-bubble contains vapor from a solvent or any volatile reagent. On collapse, these vapors are subjected to the enormous increases in both temperature and pressure. The solvent and/or the reagent generate reactive species of the radicals. Shock wave produces by bubble collapse, or even by propagating ultrasonic wave itself, could act to disrupt solvent structure and could influence reactivity by altering solvation of the reactive species present [17] .
Different views and explanations on mechanisms for ultrasonic degradation of polymers have been already proposed as follows: 1) macro-molecule radicals have been observed for many carbon skeleton polymers as discussed by Henglein [18, 19] ; 2) cleavage of a covalent bond can occur in two ways, homolytically resulting in one electron from the bond going to each fragment to produce radical species, or heterotytically, with both electrons going to one fragment, leading to formation of an ion pair. Both of these possibilities have been observed during polymer degradation [20] ; 3) chain breakage was due to inertial or frictional forces between the solvent and the polymer since they transmit to ultrasound differently [20] ; 4) in an aqueous polymer solution, water is partially dissociates into OH radicals. Some of these radicals diffuse out of the cavity to the surrounding liquid, where they can react with solute molecules. This mechanism makes sono-chemistry similar, in a sense, to radiation chemistry, where at first solvent radicals are generated, subsequently the latter attack to the solute [21] . Polymers in solution may undergo pyrolysis in the hot interfacial region between the bubble and the surrounding liquid; 5) ultrasonic degradation is based on cavitation effects produced by ultrasound waves; 6) degradation as well as depolymerisation occurs as a result of elongational flow fields, thus producing a less viscous polymer [22] ; 7) when a polymer solution is exposed to ultrasound, micro-bubbles containing dissolved gas or vapor of volatile liquids are created and the bubbles grow and finally collapse in a short time as short as microsecond [23] [24] [25] ; 8) radicals were detected by spin-trapping method and dosimeters when a polymer solution was exposed to ultrasonic irradiation [26, 27] ; 9) a shear deformation during collapse of the bubbles in the vicinity of cavitation seems to be responsible for disintegration of polymers in organic solvents [5] ; 10) Kanwal et al., [28] noted that both cavitation and viscoelastic response of a polymer molecule in solution are responsible for ultrasonic degradation; 11) the degradation is mechanical in nature, although secondary chemical reactions, for example, radical species may be important in some cases. A combination of solvent flows and shock waves around cavitation bubbles serves to initially stretch out the polymer chains into extended conformations and finally to generate sufficient stress to break a bond in the polymer backbone [20] ; 12) the mechanism of ultrasonic degradation of a polysaccharide (20 kHz, 100 -1500 W) has been explained by more with mechanical and less with radical effects [29] . The degradation mechanism has been attributed to cavitation (mechanical effect); that is, the formation and collapse of microscopic vapor bubbles generated by strong sound waves [30] . Lorimer & Mason [1] in their review article concluded that the experimental evidences suggest that degradation is caused by: 1) the hydrodynamic forces of cavitation (i.e., the shock wave energies produced on bubble implosion); 2) the shear stresses at the interface of pulsating bubbles; or 3) the associated thermal and chemical effects of both stable and transient cavitation, since all of the above are dependent upon the same factors, i.e. intensity, frequency, gas content and type.
Lorimer and Mason [1] concluded that increase in frequency of the ultrasound leads to a decrease in the extent of depolymerization. Two frequencies (20 kHz, and 1.7 MHz) have been used to produce ultrasonic fields. At the lower frequency, cavitation effects dominate. At the higher frequency, free radical formation drives the reactions. Applying these effects simultaneously combines physical and chemical forces.
The ultrasonic degradation has several aspects that differentiate it from thermal or photochemical processes and that may be regarded as characteristic of the effect of ultrasound. It proceeds faster at high molecular weights and shows down until, at some limiting value, degradation ceases. In addition, ultrasonic degradation is the cleavage of the polymer chain near the center of the molecule. This property means that ultrasound can be used for controlled degradation to give polymers with specific properties [20] . Ultrasonic power was a major factor in fragmentation of macromolecules among several ultrasonic parameters. Chain scission increased with an increase in power of ultrasound.
Cavitation
When a liquid is subjected to the action of ultrasound, a rupture in the liquid occurs in a form of a small bubble filled with vapor (and gas, if present in the liquid as a solute, as well as molecules of any other volatile solutes). The formation of these bubbles and their subsequent collapse is called cavitation [31] . Among non-thermal mechanisms, the most possible one in many aspects is acoustic cavitation: Ultrasound with sufficient energy produces cavitiation, starting with nucleation followed by growth and collapse of microscopic bubbles [32] [33] [34] . Ultrasonic power induces cavitation in a medium and the collapse of cavitation bubbles produces very high local temperatures and pressures [9] .
The exact quantification of cavitation phenomena is complex, but the acoustic pressure necessary to produce bubbles depends primarily on the hydrostatic pressure over the liquid and on the surface tension of the liquid [20] . Cavitation bubbles actually form at acoustic pressures considerably lower than those needed to break the tensile strength of a liquid [20] . If the rarefaction cycle of the acoustic wave leads to a sufficiently large negative pressure, then the intermolecular forces holding the molecules together can be overcome, leading to the formation of a bubble [20] . A power density from less than 1W is required to produce cavitation [3] . Cavitation is almost suppressed at frequencies about 2MHz. It has been attributed to the bubbles not having sufficient time to grow and collapse between successive waves at very high frequencies.
There are two forms of cavitation-transient and stable. The two types of cavitation are described in the following:
Transient Cavitation
Transient cavitation bubbles are voids, or bubbles filled with vapor [1] . It is produced using ultrasonic intensities in excess of 10 W·cm −2 They exist one or a few acoustic cycles, expanding to a radius of at least twice their initial sizes before collapsing violently on compression and often disintegrating into smaller bubbles [1] . The smaller bubbles may act as nuclei for further bubbles, or for sufficiently small radius, R, they can dissolve into a solution because of very large pressure due to surface tension. Transient cavities generally exist for less than a single acoustic cycle during which they expand to at least double their initial size before collapsing violently into smaller bubbles [1] . Different effects such as erosion, emulsification, molecular degradation, sono-luminescence, and sono-chemical enhancement of reactivity are entirely attributed to the collapse of transient cavities. It is generally assumed that the transient bubbles are mainly responsible for sono-chemical effects [3] .
Stable Cavitation
Stable cavities or stable bubbles are those which oscillate (often non-linearly) many times with only small changes in diameter about the equilibrium size [1, 3] . The bubbles ultimately grow in size after too many times oscillation and finally collapse [3] . Stable bubbles contain mainly gas and some vapor and are produced at fairly low intensities (1 -3 W·cm
−2
). The time scale over which they exist is sufficiently long that mass diffusion of gas, as well as thermal diffusion, with consequent evaporation and condensation of the vapor, can occur, resulting in significant long-term effects. If the rates of mass transfer, across the gas-liquid interface, are not equal, it may result in bubble growth. The mechanism by which small micro-bubbles in the liquid grows is termed rectified diffusion. In the expansion phase of the acoustic cycle gas diffuses from the liquid into the bubble, whilst in the compression phase, gas diffuses out of the bubble into the liquid. Since the interface area is greater in the expanded phase, the inward diffusion is greater, leading to an overall growth of the bubble. As the bubble grows the acoustical and environmental conditions of the medium will change, the medium becomes acoustically more compressible [1] . The stable bubble may be transformed into a transient bubble and undergo collapse. The violence of collapse, however, will be less than that of transient bubbles filled by vapors, since the gas will cushion the implosion. The cavity will reduce to a minimum size, R min , during compression, after which it will expand to R max and subsequently oscillate between these extremes [1] . On the other hand, the bubbles may continue to grow during subsequent cycles until they are sufficiently buoyant to float to the surface and be expelled (this is the process of ultrasonic degassing) [1] . Stable bubbles are also capable of being transformed into cavities [1] .
Effect of Frequency on Mode of Action
Ultrasound (i.e., mechanical waves at a frequency above the threshold of human hearing) can be divided into three frequency ranges: 1) low frequency (usually high intensity or high power) (16 -100 kHz); 2) high frequency (usually low intensity or low power) (100 kHz -2 MHz); and 3) diagnostic ultrasound (2 -20 MHz). The frequency is inversely proportional to the bubble sizes [1, 8, 35] . Low frequency ultrasound (16 -100 kHz) generates large cavitation bubbles and results in high temperatures and pressures in the cavitation zone. Low frequency ultrasound has remarkable effects on many chemical reactions and physical changes. To achieve these effects, a relatively high power density (from 1 W·cm −2 to thousands of W·cm ) is required. This input energy produces cavitation and micro-streaming in liquids, heating and fatigue in solids, and surface-instability effects at liquid-liquid and liquid-gas interfaces [3, 7] .
As the frequency increases the cavitation zone becomes less violent and in the MHz range no cavitation is observed and the main mechanism is acoustic streaming [13] . The creation of cavitation in liquids decreases with an increase in frequency. At very high frequency, where the rarefaction (and compression) cycles are very short, the finite time required for the rarefaction cycle is too small to permit a bubble to grow to a size sufficient to cause disruption of the liquid [1] . Most industrial applications (a wide variety of chemical or food processes as well as cleaning) operate between 16 and 100 kHz, because cavitation can be produced within this frequency range.
DISCUSSION

Chemical Effects
Sono-chemical reactions in liquids arise from the process, starting with nucleation followed by growth and collapse of microscopic bubbles, called cavitation [32, 34] . One of major consequence of cavitation is formation of radicals from decomposition of solvents or other dissolved species [24] . The major effect of sonication of water, above the cavitation threshold, is hemolytic bond cleavage to form hydrogen, H trapped species. These radicals are very reactive and readily react with other dissolved species, making the process potentially very useful. Hence, monitoring and quantifying the radials formed is important in understanding mechanism and applicability of such processes [27, 36, 37] .
The effect of ultrasonic power (20 kHz, 100 -1500 W) on degradation of polysaccharide from red algae in the experimental time range (from 0 to 240 min) was: the intrinsic viscosity decreased with an increase in ultrasonic power [29] . The authors concluded that the effect of power on the sonolysis of the polysaccharide may be explained mainly by mechanical and less by radical effects [29] . However, when the polysaccharide was degraded at a fixed ultrasonic power and frequency to a certain molecular weight, mechanical degradation cannot continue. Similar results can be found in ultrasonic degradation of dextrans, sodium dodecylbenzene sulfonate, and azo dye [38] [39] [40] . Thus, at low frequency (for example. 20 kHz), major effect is mainly mechanical, and at higher frequencies (>500 kHz) the major effect for degradation are radical reactions [41] . Ultrasonic degradation of starch was performed under conditions (20 kHz, out power was 400 W, density of ultrasonic output was, 80 W·cm −2 ) [22] . Hydrolytic degradation of chitosan was accelerated by ultrasound (35 kHz, 2 W·cm −2 ) [42] . Degradation of alginate and chitosan solutions by ultrasonic irradiation has been studied [43] . The authors reported that the molecules become less mobile in the concentrated solution, therefore, it is more difficult for cavitation bubbles to form. The velocity gradients around the collapsing bubbles as well as the stress generated in the polymer chains become smaller [44, 45] .
Ultrasonic irradiation has been used to reduce molecular weight of wheat starch, as determined by changes in its gel filtration profiles [46] . Degradation of waxy rice starch, a highly branched polymer, was observed upon ultrasonic irradiation. The rate of degradation was accelerated at or above the gelatinisation temperature of starch [47] . Effects of ultrasonic irradiation (360 kHz; power between 0 -100 W) on aqueous solutions of starch were studied [31] . This treatment is an efficient procedure for reduction of molecular weight of starch. This study has been shown that the yield of degradation depends on ultrasound power. It has been demonstrated that at applied ultrasound frequency degradation is caused both by OH radicals and mechano-chemical effects. [31] . Ultrasonic degradation is based on cavitation effects produced by ultrasound waves. Degradation as well as depolymerisation occurs as a result of elongational flow fields, thus producing a less viscous polymer [22] . The rate of degradation increased with an increase in ultrasonic power [48] [49] [50] .
Ultrasound has been used to perform polymerization or depolymerization process. Low frequency of ultrasound waves (18 kHz -1 MHz) induced polymerization and depolymerization. Ultrasound with a frequency of 20 kHz caused both polymerizaton and depolymerization [51] . Change from depolymerization to polymerization was due to change in the nature of cavitation. Ultrasonic irradiation at low power did not induce any chemical changes, but at a power above a threshold value, chemical changes have been created [5, 6] . When a polymer solution is exposed to ultrasound, micro-bubbles containing dissolved gas or vapor of volatile liquids are created and the bubbles grow and finally collapse in a short time as short as a few microseconds [23] [24] [25] . Radicals were detected by spin-trapping method when a polymer solution was exposed to ultrasonic irradiation [26] . A shear deformation during collapse of the bubbles in the vicinity of cavitation seems to be responsible for disintegration of polymers in organic solvents [5] . Kanwal et al. [28] noted that both cavitation and viscoelastic response of a polymer molecule in a solution are responsible for ultrasonic degradation.
The effects of ultrasonic power on degradation of hydroxyethyl cellulose and poly (ethylene oxide) in aqueous solutions [49, 50, 52] were investigated. They reported that the efficiency and rate of degradation process increased with an increase in ultrasonic power. Ultrasonic irradiation induced either increase or decrease a polymer solution viscosity. However, if enough energy is applied, the molecular weight is decreased causing a permanent viscosity reduction [53] .
A focused ultrasound (750 kHz) has been used for a chemical reaction (oxidation of iodide). The rate and efficiency for oxidation of the iodide by focused ultrasound was ten times higher than conventional (continuous wave) sonication. In a pulsed ultrasound field, bubbles may collapse immediately after the power is off, while in the focused ultrasound (a phased array transducer with multiple sectors and a geometric focus is able to produce focal ultrasound fields with spiral-shaped wavefronts) bubbles may collapse immediately after the direction of the spiral is changed [54] . In the pulsed ultrasound field, bubble growth does not take place during off time, while the switched focal field could perform continuous bubble recycling (growth and collapse). Focused ultrasound using periodic switching between clockwise and counter-clockwise spiral focal fields, is effective and does not require any mechanical agitation (such as rotation of a reaction vessel) for inducing sonochemical reactions.
Physical Effects
The effect of ultrasonic power (cuphorn system) on a heterogeneous (solid-liquid transfer) reaction has been studied [10] . The reaction yield dramatically increased near the cavitation power threshold (10 -12 W) and then remains nearly constant. Ultrasonic fragmentation (20 kHz, 2.5 -100 W) of agglomerate particles suspended in liquids has been studied. Disintegration of agglomerares was taken place by their interaction with cavitation bubbles formed in the liquid and collapse in the ultrasonic field [55, 56] . Other reports [57] showed that the agglomerates were broken up by their interaction with collapsing cavities. Another mechanism for the disintegration described, by collisions among particles of agglomerates [32] . The authors concluded that the time lag decreases with input power, and depends on the original strength of the ceramic powder and the applied cavitation pressure. Other physical effects of ultrasonic irradiation include heating of solids and liquids and formation of fogs and emulsions [3] .
Biological Effects
When ultrasound propagates through a biological tissue, absorption occurs, and acoustic energy is converted into heat [58] . The temperature rises depending on the nature of the sound field as well as on characteristics of the tissue. The temperature elevation is high enough to produce structural or functional changes, either beneficial or adverse. When exposure to ultrasound produces a biological change that cannot be attributed to temperature rise alone, the cause may be some form of cavitation. Ultrasound caused the instant coagulation of egg albumen, the reduction of agar and starch, and promoted rapid hydrolysis of sucrose to glucose [17] . Ultrsasonic irradiation (500 kHz, 10 mW·cm ) of a biofilm enhanced killing of bacteria by gentamicin. The structure of biofilm was not changed when a biofilm was exposed to continuous ultrasound. Low intensity ultrasound does not disrupt the biofilm or disperse the bacteria. The possible use of ultrasound is to enhance the action of antibiotics against biofilms [59] . High pressure amplitudes are required to produce destructive cavitation in vivo. Cavitation tends to occur readily when suspensions of cells are exposed to ultrasound, since cavitation nuclei are usually present in these suspensions.
APPLICATIONS OF ULTRASOUND
Ultrasound with power levels of milli-watts (mW) or below is used industrially for measuring material properties as a non-destructive, non-invasive testing and diagnostic technique [3, 4, 60] . It is used in many fields of science, engineering, food and medicine. Characterization of materials by ultrasound has advantages over many of traditional techniques: it is capable of rapid and precise measurements. It is used to characterize fats and oils (dynamic rheology and composition of oils, oil content, droplet size of emulsions and the solid fat content of partially) [4] . Low intensity ultrasound is a powerful analytical technique for investigating physico-chemical properties of many biological and non-biological materials. High frequency (1 MHz) with low intensity waves are useful in providing information on relaxation phenomena such as segmental motion, conformational analysis, vibrational-translational energy inter-charge and polymer solvent interactions [23] .
The use of low frequency with sufficiently high power of ultrasound in industrial processes has two main requirements; a liquid medium (even if the liquid forms only 5% of the overall medium) and a source of highenergy vibrations (the ultrasound). Low frequency with sufficiently high power of ultrasound has been employed a wide variety of industries as follows: cleaning, sterilization, floatation, drying, degassing, defoaming, filtration, homogenization, emulsification, dissolution, deaggregation of powder, biological cell disruption, extraction, crystallization, chemical processes, acceleration of chemical processes, organic synthesis, and provide information on both polymerization and partial depolymerization and preparation of moderate macromolecules from large ones [9, 23, 33, 38, 48, [61] [62] [63] [64] [65] [66] [67] . Applications of ultrasonic irradiation versus input power is given in Table 1.
CONCLUSION
Mode of action for ultrasound waves changes as a function of input power. Low power of ultrasound is a non-destructive and a non-invasive method, and it is a powerful analytical technique to characterize and determine physico-chemical properties of food components. It has been used to characterize food materials, to determine different types and contents of food components, and droplet size of emulsions. Ultrasonic irradiation at low power did not induce any chemical or physical changes, but at a power above a threshold value, chemical or physical changes have been created. Minimum sonication energy is required to reach the cavitation threshold. This minimum depends upon the frequency. The different effects of ultrasound as well as ultrasonic yield increase with an increase in ultrasonic power. The ultrasonic yield dramatically increased near the caviation power threshold and then remained nearly constant. Ultrasonic power was a major factor in fragmentation of macromolecules among several ultrasonic parameters. Chain scission increased with an increase in power of ultrasound. There should exist a narrow range of ultrasonic power/frequency for each medium both acoustic streaming and cavitation occurred simultaneously. There should also exist a frequency as a shock frequency for each medium, and the ultrasound effect is a maximum value.
